In this research, modal tests and analyses are performed for a simplified and scaled first-stage model of a space launch vehicle using liquid propellant. This study aims to establish finite element modeling techniques for computational modal analyses by considering the liquid propellant and flange joints of launch vehicles. The modal tests measure the natural frequencies and mode shapes in the first and second lateral bending modes. As the liquid filling ratio increases, the measured frequencies decrease. In addition, as the number of flange joints increases, the measured natural frequencies increase. Computational modal analyses using the finite element method are conducted. The liquid is modeled by the virtual mass method, and the flange joints are modeled using onedimensional spring elements along with the node-to-node connection. Comparison of the modal test results and predicted natural frequencies shows good or moderate agreement. The correlation between the modal tests and analyses establishes finite element modeling techniques for modeling the liquid propellant and flange joints of space launch vehicles.
Introduction
Liquid propulsion launch vehicles are widely used because of their high specific impulse and easy control of thrust, despite their drawbacks such as combustion instability, complicated structure, and high production cost. The natural frequencies of space launch vehicles using liquid propellant change during flight because liquid propellant is rapidly consumed. This change in natural frequencies has a significant influence on the dynamics, loads, and vibration characteristics of launch vehicles.
Modal tests are usually used to investigate the modal characteristics (natural frequencies and mode shapes) of launch vehicles, but they are inefficient in terms of time and manpower. Recently, computational modal analyses using an advanced finite element (FE) method have been used to replace or assist modal tests for launch vehicles. However, it is not easy to establish the FE modeling techniques for the computational modal analysis of space launch vehicles that contain liquid propellant.
Modal tests for the full-scale model of the Atlas-Centaur were conducted with various propellant levels in order to consider different flight conditions [1] . However, modal analyses were not performed. Although modal tests and analyses were performed for the KSR-(Korean Sounding Rocket-) III, the FE model using one-dimensional beam elements for modal analysis did not consider the liquid propellant [2] . For the ARES I-X, the launch vehicle was divided into several subparts and modal tests and analyses were conducted for each part, but these did not account for the liquid propellant in the second stage [3] . Although modal tests and analyses for simple cylinders filled with liquid have been performed recently [4] [5] [6] [7] , most studies used single cylindrical structures filled with liquid (water). Modal analyses and tests for cylindrical structures with multiple sections containing liquid have rarely been conducted.
Flange joints connecting the section and the section (or the stage and stage) of space launch vehicles affect the stiffness of launch vehicle structures. Thus, the number of flange joints and their stiffness influence the modal characteristics of launch vehicles. Some computational structural analyses using the FE method have been performed for the flange joints of launch vehicles. The strength of flange joints for the KSLV-(Korea Space Launch Vehicle-) II was analyzed for their structural design [8] . The softening of flange joints under various loading conditions was investigated using the FE method [9] . However, there are limited studies on modal analyses for launch vehicles that include the modeling of flange joints.
The present study conducts modal tests and analyses of a small-scale, first-stage model of a space launch vehicle to establish FE modeling techniques for computational modal analyses, considering the liquid propellant and flange joints. The present launch vehicle model consists of an oxidizer tank, a center body, and fuel tank to represent the configuration of the first stage of launch vehicles that use liquid propellant. However, the small-scale, first-stage model in this work does not have dynamic similarity with the first stage of a full-scale launch vehicle because this work focuses on the establishment of FE modeling techniques for the liquid propellant and flange joints of launch vehicles; hence, the dynamic similarity between the small-scale model and fullscale model is not essential.
Modal tests for the launch vehicle model, which is made of acrylic, are conducted under the free-free boundary condition with different filling ratios of liquid (water) and various numbers of flange joints along the circumferential direction. Computational modal analyses are performed using the commercial FE analysis program, MSC.NASTRAN. The correlation between the modal tests and analyses, particularly for lateral bending modes, establishes FE modeling techniques for the liquid propellant and flange joints of space launch vehicles.
Methods for Modal Tests and Analyses
2.1. Small-Scale, First-Stage Model of Space Launch Vehicles. Figure 1 shows the simplified and scaled first-stage model of a space launch vehicle using liquid propellant. This model is composed of three sections: an oxidizer tank, a center body, and a fuel tank. The liquid propellant in an oxidizer tank and a fuel tank is modeled as water in this study. The geometric parameters of this model are obtained from the scaled values (4.59%) of the first stage of the KSLV-II, which is currently under development. As previously mentioned, the dynamic similarities between the scaled and full-scale models are not considered. The scaled model is made of acrylic in order to facilitate the modal test in a small laboratory. As in the method used for a full-scale launch vehicle, all the sections of the scaled model are assembled using flange joints. In the modal tests, three cases with 6, 12, and 24 flange joints in the circumferential direction for each flange are considered to investigate the effects of the number of flange joints on modal characteristics. Each section consists of a body and flanges, as shown in Figure 2 . The body is manufactured by processing an acrylic pipe with a thickness and diameter of Table 1 shows the dimensions of flange thickness. Four elastic ropes at the top of the oxidizer tank are used for the free-free boundary condition in the modal test; however, the ropes are not considered in the present FE modeling. To measure the natural frequencies and mode shapes in the bending modes of the present model containing liquid, accelerometers are located in the axial direction ( Figure 3 ). The detailed weights of each part and the total weight of the scaled first-stage model, including the weights of the accelerometers, are summarized in Table 2 .
Experimental Setup for Modal Tests.
Modal tests are conducted for the simplified and scaled first-stage model containing liquid (water) to measure the natural frequencies and mode shapes in lateral bending modes. As shown in Figures 4 and 5, this first-stage model is suspended vertically using elastic ropes. The oxidizer tank and fuel tank both contain water to represent the liquid propellant of a space launch vehicle, but the center body does not contain water. In this test performed in a small laboratory, two liquid filling ratios of 0% and 25% are used to take into account the available and safe weight of the test model containing water. It should be noted that the oxidizer tank and fuel tank contain the same amount of water (the same liquid filling ratio). However, the test stand structure may be at risk when the liquid filling ratio of each tank is higher than 50% in the present modal test, because of the weight of increased water. In addition, three cases with Figure 6 shows the location of flange joints on the flange when the numbers of flange joints are 6, 12, and 24. In these figures, the yellow pentagon denotes the location of the accelerometer attached to the flange. Note that each flange uses the same number of flange joints. The model in this modal test is excited using an impact hammer, and the dynamic behaviors are measured using 12 accelerometers attached along the axial direction (see Figure 3) . The schematic diagram for the modal test is shown in Figure 7 ; the pictures and detailed information on the test equipment are summarized in Figure 8 and Table 3 , respectively. The measured data from accelerometers in the time domain are converted into the data in the frequency domain using the FFT (fast Fourier transform) analysis to obtain the natural frequencies and mode shapes in lateral bending modes.
Finite Element Modeling for Modal Analyses.
Computational modal analyses are conducted using MSC.NASTRAN, and its FE model is constructed by MSC.PATRAN. Figure 9 shows the FE model for the present first-stage model. The elastic modulus, Poisson's ratio, and density of acrylic for the modeling are 2.8 GPa, 0.3, and 1189 kg/m 3 , respectively. The skins and flanges are modeled as shell elements. The distance between the shell element for the flange of the center body and the shell element for the flange of the oxidizer tank (or for the flange of a fuel tank) is modeled as 0.005 m (see Figure 10 ). The fastened flange joint is modeled using the one-dimensional spring element, the CBUSH element (see Figure 11) . However, since the scaled first-stage model is quite small compared to the first-stage of the full-scale KSLV-II, the stiffness of the flange joint is underpredicted when only one node is used for modeling the flange joint. To solve this problem, the node-to-node connection is Figure 12 . The stiffness of the flange joint is modeled as the spring constant of the CBUSH element. When the liquid is not contained in the oxidizer and fuel tanks, the total number of finite elements used for the structural FE modeling not including spring elements is 24,672. The oxidizer tank, center body, and fuel tank use 11,520, 5472, and 7680 finite elements, respectively, for the modeling. The total FE model of the present first-stage model is constructed by assembling of FE models using an appropriate number of finite elements for an oxidizer tank, a center body, and a fuel tank. Figure 13 shows the convergence of natural frequencies of each part (oxidizer tank, center body, and fuel tank) in terms of the number of finite elements. In the figure, the symbol x denotes the number of finite elements used for the present computations and corresponding natural frequencies of subparts. As seen in the figure, the present FE model provides the converged predictions on natural frequencies.
The liquid propellant of this launch vehicle model is represented as water in the FE modeling. For the modal analysis, the fluid (water) is modeled by the virtual mass method [10] The fluid contained in the structure should have a free surface. The interface between fluids and structures can be modeled only as two-dimensional shell elements such as CQUAD4 or CTRIA3 elements. The frequency range of the structure containing the fluid, which would be analyzed, should be above the frequency range of sloshing modes.
Results of Modal Tests and Analyses

Modal Tests.
For the case without water (filling ratio of 0%), modal tests are conducted to investigate the effects of the number of flange joints on modal characteristics. Three cases (6, 12, and 24 flange joints for each flange) are considered, and only the first and second lateral bending modes are measured. Figure 14 gives the results of the modal tests with a liquid filling ratio of 0%. As seen in the figure, the bending natural frequencies for the case with 6 flange joints are moderately or slightly lower than the natural frequencies of the other cases with 12 and 24 flange joints. That is, a greater number of flange joints correspond to higher bending natural frequencies. However, the natural frequencies for the cases with 12 and 24 flange joints are quite similar to each other. Figure 15 presents the modal test results when the liquid filling ratio is 25% and 24 flange joints per flange are used. Compared with the results in Figure 14 , when the filling ratio increases from 0% to 25%, the first and second bending natural frequencies decrease by 20% and 12%, respectively, since an increase in mass reduces the natural frequencies of the test model. Finally, Table 4 summarizes the measured natural frequencies in the first and second lateral bending modes from the modal tests. Figure 16 shows the calculated natural frequencies and mode shapes in the first lateral bending modes without water (liquid filling ratio of 0%), when different spring constants of the CBUSH element are considered and 24 flange joints are used per flange. As seen in the figure, the spring constant of the CBUSH element 7 International Journal of Aerospace Engineering has a significant effect on the natural frequency. As the spring constant increases, the natural frequency in the first bending mode increases since the stiffness of the structure increases. However, when the spring constant is above 10 18 N/m, the lateral bending modes are not predicted in the present computation. When the predicted results are compared with the measured data from the modal test in the previous section, it is concluded that a spring constant of 10 10 N/m is reasonably appropriate for the present analyses. Thus, the spring constant of 10 10 N/m is used for all the remaining calculations in this work. In the computational modal analyses for the liquid filling ratio of 0% and 24 flange joints per flange, the first and second lateral bending modes correspond to the first and ninth modes of the total modes, respectively. Many modes between two lateral bending modes represent the local modes such as shell modes of the present launch vehicle structure model. However, this study focuses on the first and second lateral bending modes only. Figure 17 presents the predicted natural frequencies in the first and second bending modes when the numbers of flange joints for each flange are 6, 12, and 24 and the liquid filling ratio is 0%. The natural frequencies increase as the number of flange joints per flange increases. In both lateral bending modes, the rate of increase in the natural frequency when the number of flange joints increases from 6 to 12 is higher than that when the number of flange joints increases from 12 to 24. Figure 18 shows the calculated natural frequencies and mode shapes in the bending modes for the case with 24 flange joints and a liquid filling ratio of 25%. Compared with the previous calculations without water in Figure 16 , the predicted natural frequencies decrease by 10.1% and 6.4% in the first and second bending modes, respectively. The predicted natural frequencies for 24 flange joints and the filling ratio of 50% are given in Figure 19 . Figure 20 shows the change in the predicted natural frequencies in the first and second bending modes in terms of the liquid filling ratio. As seen in the figure, the decrease in the natural frequency in the second bending mode is more obvious than that in the first bending mode. When the liquid filling ratio is above 50%, the computational modal analysis cannot be conducted due to the limitation of the computer memory (RAM). International Journal of Aerospace Engineering
Computational Modal Analyses.
Correlation between Tests and Analyses.
The correlations between the modal tests and analyses using the measured and predicted results are given in Tables 5 and 6 . For the case of the filling ratio of 0%, as seen in Table 5 , the comparison between the modal test and analysis results shows good agreements for the case of 24 flange joints for each flange. However, when the number of flange joints is lower (12 or 6), the correlation is not as good as that of the case with 24 flange joints per flange. In addition, as the number of flange joints decreases, the relative error increases. It is noteworthy that all the measured natural frequencies are higher than the predicted values since the present modal test using elastic ropes cannot model perfectly the free-free boundary condition, which gives a stiffer boundary condition than the ideal free-free boundary condition. Table 6 presents the correlation between the test and computational results when the liquid filling ratio is 25%. In this correlation, the number of flange joints per flange is 24. The relative errors are within 10% for both lateral bending modes; therefore, the present modal analyses reasonably predict the natural frequencies in the bending modes of the simplified and scaled firststage model of a launch vehicle.
Conclusions
In this study, modal tests and analyses were conducted for the simplified and scaled first-stage model of a space launch vehicle using liquid propellant in order to establish FE For the scaled model composed of an oxidizer tank, a center body, and a fuel tank, the modal tests measured the natural frequencies and mode shapes in the first and second lateral bending modes. In the tests, the effects of the liquid filling ratio and number of flange joints were investigated. Computational modal analyses using the FE method were conducted. The liquid in the oxidizer and fuel tanks was modeled using the virtual mass method, and the flange joints were modeled using the one-dimensional spring elements In both the modal tests and analyses, as the number of flange joints increased, the bending natural frequencies increased. In addition, when the liquid was contained in the oxidizer and fuel tanks, the natural frequencies decreased. The measured and predicted natural frequencies in the first and second bending modes were correlated. When the number of flange joints for each flange was 24, the present analyses predicted the bending natural frequencies relatively well for the cases with and without liquid, as compared with the measured values. However, when the number of flange joints was lower (12 or 6), the correlation was not as good as that of the case of 24 flange joints per flange.
Through the present work, the techniques for FE modeling and analysis were established for the computational modal analysis of space launch vehicles using liquid propellant. 
